were measured by precision adiabatic vacuum calorimetry over the temperature range from T = (6 to 350) K. The tripeptides were stable over this temperature range, and no phase change, transformation, association, or thermal decomposition was observed. The standard thermodynamic functions: molar heat capacity C p,m , enthalpy H(T) − H(0), entropy S(T), and Gibbs energy G(T) − H(0) of peptides were calculated over the range from T = (0 to 350) K. The low-temperature (T ≤ 50 K) heat capacities dependencies were analyzed using the Debye's and the multifractal theories. The standard entropies of formation of peptides at T = 298.15 K were calculated.
■ INTRODUCTION
The investigation of physicochemical properties of amino acids and peptides attracts much attention, since these systems can be used as molecular materials, drugs, and biomimetics. 1 Furthermore, certain peptides are used as model systems to design and test experiments for protein studies.
2, 3 For example, tripeptides N-formyl-L-methionyl-L-leucyl-L-phenylalaninol (Nf-MLF-OH) and N-formyl-L-methionyl-L-leucyl-L-phenylalanine methyl ester (N-f-MLF-OMe) have been used in solid state NMR spectroscopy for developing and testing NMR experiments. 4−6 These tripeptides have also been used as models for structural studies. 7 There are no data on heat capacities and thermodynamic properties of these tripeptides found in the literature. Those are, however, necessary as the fundamental data for peptides and proteins and to calculate thermophysical properties for the model system. Therefore, the purpose of the present study was to measure heat capacities of tripeptides N-f-MLF-OH and N-f-MLF-OMe over the temperature range from T = (6 to 350) K, to calculate the standard (p = 0.1 MPa) thermodynamic functions C p,m , H(T) − H(0), S(T), and G(T) − H(0), to determine the characteristic temperatures and fractal dimensions D, and to calculate the standard entropies of formation of N-f-MLF-OH (cr) and N-f-MLF-OMe (cr) at T = 298.15 K.
■ EXPERIMENTAL SECTION
Synthesis and Characterization of Tripeptides. Tripeptides N-formyl-L-Met-L-Leu-L-Phe-OH (lot 2500845) and Nformyl-L-Met-L-Leu-L-Phe-OMe (lot 1016424) were obtained from Bachem (King of Prussia, PA). Solid state NMR structure and X-ray structure of N-f-MLF-OH and N-f-MLF-OMe were described previously. 7, 8 Structural models of the studied samples are presented in Figure 1 . The molecular formulas C 21 H 31 N 3 O 5 S for N-f-MLF-OH and C 22 H 33 N 3 O 5 S for N-f-MLF-OMe were confirmed by elemental analysis. In accordance with elemental analysis, high-performance liquid chromatography (HPLC), and thin layer chromatography (TLC) data, the content of the main compounds in the studied samples was at least 0.99 molar fraction. The information for the studied tripeptides is listed in Table 1 .
Adiabatic Calorimetry. A precision automatic adiabatic calorimeter (Block Calorimetric Thermophysical, BCT-3) was used to measure heat capacities over the temperature range from T = (6 to 350) K. The design and operation of an adiabatic calorimeter are described in detail elsewhere.
9,10 A calorimetric cell is a thin-walled cylindrical vessel made from titanium with a volume of 1.5·10 −6 m 3 . Its mass is (1.626 ± 0.005) g. A miniature iron−rhodium resistance thermometer (nominal resistance 100 Ω, was calibrated on ITS-90 standard by the Russian Metrology Research Institute, Moscow region, Russia) was used to measure the temperature of the sample. The temperature difference between the ampule and an adiabatic shield was controlled by a four-junction copper−ironchromel thermocouple. The sensitivity of the thermometric circuit was 1·10 −3 K, and that of the analog-to-digital converter was 0.1 μV. The accuracy of the calorimeter was verified using standard reference samples (K-2 benzoic acid and α-Al 2 O 3 ) ) and 0.2716 g of N-f-MLFOMe (M = 451.59 g·mol −1 ) were placed in a calorimetric ampule, and it was then filled with dry helium gas (4 kPa, room temperature) to facilitate the heat exchanging process. Initially, the samples were cooled to the temperature of the measurement onset (∼ 6 K) at a rate of 0.01 K·s −1 . Then the samples were heated in (0.5 to 2) K increments at a rate of 0.01 K·s The experimental values of C p,m (157 and 185 points for N-f-MLF-OH and N-f-MLF-OMe, respectively) were collected using liquid helium as a cryogen in the intervals from T = (6 to 88) K/(6 to 91) K (Series 1) and using liquid nitrogen in the intervals from T = (84 to 349) K/(91 to 343) K (Series 2) for N-f-MLF-OH and N-f-MLF-OMe, respectively.
Heat capacities of the samples were between (55 to 83) % of the overall heat capacity of the calorimetric ampule. The molar masses were calculated from the IUPAC table of atomic weights. 13 ■ RESULTS AND DISCUSSION Heat Capacities. Experimental data for the molar heat capacities of N-f-MLF-OH and N-f-MLF-OMe over the temperature range from T = (6 to 350) K are given in Tables  2 and 3 and presented in Figure 2 . Heat capacities of the samples rise gradually with temperature increasing. The tripeptides were stable over the studied temperature range, and no phase change, transformation, association, or thermal decomposition was observed.
The experimental data were smoothed using least-squares polynomial fits as follows:
where A i and B i are polynomial coefficients. Relative standard uncertainty for the heat capacities u r (C p,m ) = 0.006 in the temperature range from T = (6 to 40) K and u r (C p,m ) = 0.003 between T = (40 to 350) K. The relative deviations of experimental data from the smoothing functions were listed in Figure 3 .
The temperature dependencies of heat capacities of the two tripeptides are similar below 50 K. This tendency can be expected, since skeletal vibrations provide the main contribution to heat capacities in this range.
Low-temperature heat capacities data were also analyzed using the Debye theory 14 and the multifractal theory of heat capacity. 15 According to the fractal theory,
Equation 1 can be written as eq 2: 
where D is the fractal dimension, N is the number of atoms in a molecular unit, k is the Boltzmann constant, γ(D + 1) is the γ- kNγ(D + 1)ξ(D + 1)(1/Θ max ) D = A is a constant value, and eq 2 can be rewritten as follows:
which can be used to obtain D and Θ max . Since below T = 50 K the experimental values of C p,m are equal to C v . Thus, experimental data in the range from T = (20 to 50) K were used and yielded D = 1.6, Θ max = 202.8 K for Nf-MLF-OH, and D = 1.8, Θ max = 183.0 K for N-f-MLF-OMe. The relative standard uncertainty for the characteristic temperatures is u r (Θ max ) = 0.007.
According to the multifractal model of the theory of heat capacity of solids, 15 D = 1 corresponds to solids with a chain structure, D = 2 corresponds to ones with a layered structure, and D = 3 corresponds to ones with a spatial structure, characterized by comparable interactions in all three dimensions. The obtained values of D point to the chainlayered structure for both tripeptides.
The Debye theory was used to fit the experimental data in the range from T = (6 to 12) K and extrapolate it to 0 K. where D is the symbol of Debye's function and n and Θ D are specially selected parameters. Using this equation, we obtained n = 6 for both tripeptides, Θ D = 56.7 K for N-f-MLF-OH and Θ D = 62.2 K for N-f-MLF-OMe. Using the above parameters, eq 4 describes the C p,m values of the compounds over the range from T = (6 to 12) K with relative standard uncertainty u r (C p,m ) = 0.013. In subsequent calculations, we assumed that eq 4 described the heat capacity in the range from T = (0 to 6) K with the same relative standard uncertainty. Standard Thermodynamic Functions. The calculations of H(T) − H(0) and S(T) were made by numerical integration of the curves of heat capacities with respect to T and ln T, respectively (Tables 4 and 5 ). Gibbs energy G(T) − H(0) was calculated from enthalpy and entropy values. The residual entropies of N-f-MLF-OH and N-f-MLF-OMe were assumed to be zero. The calculation procedure was described in detail elsewhere. 16 Using the values of absolute entropies of tripeptides N-f-MLF-OH and N-f-MLF-OMe and that of elemental substances, including carbon, 17 hydrogen, 18 nitrogen, 17 oxygen, 18 and sulfur, 18 the standard entropies of formation were calculated: where cr, gr, and g are crystal, graphite, and gas, respectively.
■ CONCLUSIONS
This work reports heat capacities of crystalline tripeptides N- 
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